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ABSTRACT
Anthropogenic contamination in the Antarctic near-shore marine environment is a challenge for
environmental managers because of its isolation, high costs associated with monitoring and
remediation activities, and the current lack of Antarctic-specific ecotoxicological data. This
study investigated the application of diffusive gradients in thin-films (DGT) with a Chelex-100
binding resin for metal contaminant assessment in Antarctic marine conditions. Diffusion
coefficients for cadmium, copper, nickel, lead and zinc, determined at 1 °C, ranged between 2.1
and 2.6 x10-6 cm2 s-1, and were up to 32% lower than those derived by theoretical calculations.
Competition of metals on the DGT binding resin was observed at sub-saturation concentrations,
reducing the effective capacity for metal uptake by approximately 60%. The lability of the
dissolved (0.45 µm filterable) cadmium, copper, lead and zinc metal fraction to DGT was
generally >90% and unaffected by the presence of the Antarctic marine microalga Phaeocystis

antarctica. Both DGT and dissolved metal concentrations gave equivalent mixture toxicity
predictions in independent action and concentration addition models to P. antarctica and
Cryothecomonas armigera, i.e. predictions using DGT-labile concentrations also showed
antagonism to P. antarctica, which agrees with previously determined mixture interactivity. The
benefits of DGT over traditional sampling techniques (i.e., discrete water sampling) include
lower method detection limits, in situ assessment, and time-averaged concentrations which

capture pulses of contamination typical of the Antarctic near-shore marine environment. This
study provides method detection limits and recommended minimum deployment times to guide
field deployments in Antarctica. This article is protected by copyright. All rights reserved
KEYWORDS: Multiple stressor, passive sampler, synergism, antagonism, risk assessment,
environmental monitoring
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INTRODUCTION
Localised areas of the Antarctic near-shore marine environment are contaminated from historical
and ongoing anthropogenic activity, particularly near research stations (Tin et al. 2009). The
Protocol on Environmental Protection to the Antarctic Treaty System outlines a need for
comprehensive environmental protection, including environmental impact assessments and
historical waste remediation (ATCM 1991). The Protocol has been in force since 1998, yet very

few sites have been remediated (Roura 2004; Stark, Snape, et al. 2006; Errington et al. 2018).
This is likely due to the challenges associated with access, difficulties in contaminant
monitoring, and the lack of Antarctic-specific ecotoxicology data and remediation guidelines.
Simple contaminant monitoring devices are needed to overcome challenges of expensive
logistics, limited personnel, and limited access to contaminated sites in Antarctica (HodgsonJohnston et al. 2017; Raymond and Snape 2017).

Monitoring strategies in Antarctic marine environments typically investigate the presence of
metals by directly measuring concentrations in water (e.g. total or dissolved) or collected
organisms (Palmer et al. 2006). These techniques provide useful information but do not

necessarily inform environmental risk from metals. For example, the Antarctic near-shore marine
environment is characterised by strong seasonality with ice melt, ice-berg scour, and algal
blooms in summer that can lead to temporal variability in contaminant concentrations (Fryirs et
al. 2013). Thus, a water sample taken at a specific timepoint may not account for potential

pulse(s) of contamination (e.g. due to terrestrial ice melt or sea-ice scour of sediments), or factors
known to modify metal toxicity such as metal speciation (e.g. binding to organic carbon, and
water chemistry) (ANZECC/ARMCANZ 2000; Batley et al. 2014). Measuring metal
concentrations in collected organisms will demonstrate the presence of a contaminant, but not
This article is protected by copyright. All rights reserved
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necessarily that there is a toxic effect (e.g. metals can be stored in non-metabolically available
forms (Rainbow et al. 2015)). This approach also requires the collection and destructive analysis
of organisms, which is not desirable for Antarctic organisms because of their long developmental
times and limited geographic distribution (Chapman and Riddle 2005; Griffiths 2010).
DGT has been used as an alternative, simple, and inexpensive contaminant monitoring tool,

which measures the fraction of metals most likely to cause toxicity to organisms (Amato et al.
2014; Amato et al. 2015; Vannuci-Silva et al. 2017; Li et al. 2018 Dec 11). DGT has good
potential to overcome the challenges associated with environmental management in the Antarctic
marine environment because: (i) DGT preconcentrates analytes to a binding layer allowing for
very low detection limits, which are required for the typically low contaminant concentrations
present in Antarctic marine systems; (ii) DGT with a Chelex binding resin can simultaneously
accumulate mixtures of cationic metals; (iii) it measures a time-averaged concentration over the
deployment period which can capture pulse events (Frache et al. 2001; Stark, Johnstone, et al.

2006), and; (iv) studies are increasingly showing that DGT-labile metal concentrations is the
fraction that best predicts toxicity to biota (Degryse et al. 2003; Degryse et al. 2009; Simpson et

al. 2012; Amato et al. 2015; Amato et al. 2016). Despite this, DGT measurements are yet to be
coupled to existing ecotoxicological data to predict metal-toxicity in Antarctic marine
environments.
Coupling DGT-labile metal concentrations and single-metal toxicity data in mixture modelling
may provide a simple method to predict the risk of contaminants in the Antarctic marine
environment. This construct is meaningful only under the assumption that the metal fraction
measured by DGT (i.e. free metal ions and metal complexes that dissociate in the DGT) is a
close approximation of the biologically available fraction of metals measured in toxicity tests
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used to generate toxicity data. Recent research has generated single-contaminant toxicity data for
a range of Antarctic organisms (King and Riddle 2001; Runcie and Riddle 2007; Hill et al. 2009;

Gissi et al. 2015; Marcus Zamora et al. 2015; Holan et al. 2016; Koppel et al. 2017). However, it
is not yet clear how DGT-labile metal concentrations relate to dissolved metal concentrations in
exposure solutions typical of Antarctic ecotoxicological studies, or if they can be coupled with
ecotoxicology data to predict toxicity from metal mixtures.
This study aims to: (i) assess the performance of DGT at temperatures reflective of Antarctic

marine environments by validating their performance in laboratory exposures to the common

contaminants cadmium, copper, nickel, lead, and zinc. This included determining metal diffusion
coefficients, limits of detection (based on extractions of DGT binding resins from unexposed
devices), minimum deployment times required to reach limits of detection at environmentally
relevant exposure concentrations, method detection limits (i.e. minimum concentration in the
exposure solution necessary to exceed limits of detection as a function of deployment time), and
metal competition interactions; (ii) investigate the effects of the mucogenic Antarctic microalgae,
Phaeocystis antarctica, on the uptake of metals by DGT devices co-deployed with microalgae ;
and (iii) evaluate the suitability of using DGT-labile metal concentrations to predict metal-

mixture toxicity to the Antarctic marine algae P. antarctica and Cryothecomonas armigera using
previously determined single-metal toxicity data.
METHODS
General laboratory techniques and reagents
All plastic containers and equipment in contact with the test solutions were washed with nitric
acid (10% v/v HNO3) for ≥24 h, followed by extensive rinsing with ultrapure water (Milli-Q®,
18MΩ.cm-1; Merck Millipore). Metal stock solutions were prepared from copper (II) sulfate;
This article is protected by copyright. All rights reserved
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cadmium (II) sulfate octahydrate, lead chloride, nickel sulfate hexahydrate, and zinc sulfate (all
analytical grade or higher), acidified to 0.1% v/v HCl.
Seawater
Seawater was collected from Cronulla, New South Wales, Australia (34°04'13.4"S
151°09'24.5"E), in clean high-density polyethylene containers. Collected seawater was
immediately filtered to 0.45 μm with a filter cartridge and stored at 4 °C in the dark. Salinity, pH,
and dissolved oxygen saturation were measured with instruments calibrated as per the
manufacturer’s instruction. Metal concentrations in the collected seawater were below detection

limits (see below). Seawater dissolved organic carbon concentrations from this source are
typically 1.4 ± 0.3 mg C.L-1 (APHA 5310 B) (Gissi et al. 2015).
Preparation of DGT devices and binding resin extraction

DGT pistons with a Chelex binding layer and agarose-crosslinked polyacrylamide diffusive gel
were prepared following the procedures recommended by DGT Research (Lancaster, UK) as
outlined in Davison (2016). The binding resin was a 0.4 mm thick Chelex-100 (Bio-Rad, mesh

200-400) impregnated polyacrylamide gel. During the binding resin synthesis, gravitational
settling resulted in the Chelex-100 beads concentrating towards the bottom of the gel. This
concentrated side was placed towards the window of the DGT, in contact with the 0.8 mm thick
diffusive gel. A 0.13 mm thick, 0.45 µm pore size polyethersulfone filter paper was placed on

top of the diffusive layer. The three layers were sandwiched on the piston base by a housing with
a 2 cm diameter window. Prior to deployment, assembled pistons were conditioned for 24 h in a
0.12 M NaCl solution (Suprapur, Merck Millipore). Prepared DGT were stored moist in low-

density polyethylene bags at 4°C.
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Following deployment, DGT devices were disassembled and the binding resin placed in 1 mL of
1 M HNO3 (Suprapur grade, Merck Millipore) for ≥12 h on an orbital shaker. The eluants were
diluted to a final concentration of 0.2% HNO3 before metal analysis.

Metal analysis
Metal concentrations were determined by inductively coupled plasma - atomic emission
spectrometry (ICP-AES, Varian 730-ES) using matrix-matched calibration standards (i.e.
ultrapure water for DGT eluants or seawater for treatment solution subsamples). A multi-element

standard (QCS27; Analytical West Inc.) was used for seawater matrices to correct for
measurement suppression over time. Metal detection limits of the ICP-AES were generally 3, 17,
27, 16, and 26 nM for cadmium, copper, nickel, lead and zinc, respectively.
Subsamples of the exposure solutions were taken when DGT were retrieved, and at the start and
end of the algal bioassays. Subsamples were filtered to 0.45 µm and acidified to 0.2% HNO3
before analysis.
DGT performance in cold marine waters

DGT performance, aim (i), was assessed with laboratory deployments of DGT to three different
metal mixtures in cold marine conditions. DGT were then retrieved periodically over 36 days.
Two mixtures used a ratio of five metals, based on measured concentrations at a historically
contaminated bay in East Antarctica: 2 Cd : 8 Cu: 5 Ni : 1 Pb : 69 Zn (multiple of 1, in nM)
(Stark, Johnstone, et al. 2006). The ratio was multiplied by 10 and 500 to give two treatments
termed the Low and High Environmental mixture, respectively. The third treatment was an
Equimolar mixture of five metals each at a nominal concentration of 10 µM. The average of all

dissolved metal concentrations from each treatment are given in Table 1 (a-c).
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DGT (n = 48 per treatment) were deployed in 20 L of 0.45 µm filtered seawater supplemented
with metal solutions described above (Table 1 a-c). Treatments were equilibrated at 1 ± 1 °C in a
temperature controlled environmental chamber for ≥72 h before DGT were deployed. A
temperature of 1 °C was used as a compromise between the temperature of the near-shore

Antarctic marine environment, which ranges from -2 to 1°C, and to ensure that the seawater
would not freeze during the experiment.
A poly(methyl methacrylate) (Perspex) cube with 2.5 cm diameter holes was used to hold DGT
pistons for the duration of their deployments and the solutions were agitated by magnetic stirrers
or by an orbital shaker (rotating at approximately 60 RPM with an orbital diameter of 2.5 cm) for
the duration of the exposure. DGT devices were retrieved periodically over 36 days, rinsed with
ultrapure water and stored moist at 4 °C in clean plastic bags until they were disassembled and

eluted. No changes to the integrity of the diffusive or binding gels were observed following
deployment.
Diffusion coefficients. DGT binding resins were eluted and the mass of metal

accumulated (Mi, nmol) was calculated using Equation 1.

Equation 1

𝑀𝑖 =

𝐶𝑒 (𝑉𝑒 + 𝑉𝑔𝑒𝑙 )
𝑓𝑒

Where Ce is the concentration of the eluent, Ve and Vgel are the volumes of the eluent and gel,
respectively, and fe is the elution factor, which was 0.8 for all metals (Zhang and Davison 1995).

The diffusion coefficients for each metal was calculated for 1 ± 1 °C using Equation 2.

Equation 2

𝐷𝑖 =

𝑀𝑖 ∆𝑔
𝑡 𝐶𝑏 𝐴
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Where Di is the diffusion coefficient of metal i (in units of x10-6 cm2.s-1 at 1°C), M is mass
(nmol) accumulated over time t (s) over the linear uptake range, ∆g is the thickness of the overall
diffusion layer (0.093 cm, the combined thickness of the diffusive gel and filter membrane,
assuming negligible water diffusion layer thickness), Cb (µM) is the time averaged dissolved
metal concentration for the linear uptake range, and A (3.14 cm2) is the surface area of the
exposed window of the DGT piston (Zhang and Davison 1995). The linear range of metal
accumulation was determined by the R2 values of a linear model fit to each metal for each

mixture against time. The slope of the longest deployment time that gave R2 ≥0.95 was selected
to calculate the diffusion coefficient.
The DGT-labile metal concentration (CDGT, µM) was then determined by Equation 3 (Zhang and
Davison 1995), assuming a steady-state flux of metals to the binding resin over the deployment
time.

Equation 3

𝐶𝐷𝐺𝑇 =

𝑀𝑖 ∆𝑔
𝐷𝑖 𝑡 𝐴

Limit of detection and time to limit of detection. The LOD (nmol) was determined as

three times the standard deviation of Mi from unexposed blank DGT devices (≥3 DGT per
experiment) analysed by ICP-AES (see Metal analysis section). The time to LOD was calculated

as the minimum DGT deployment time needed to reach the LOD in cold marine water for a
given cold marine metal concentration. Using Equation 3, CDGT was fixed at theoretical metal
concentrations (Cb, Table 1), which included treatments from aim (i) as well as example
concentrations to help guide minimum field deployment times, including: the equivalent of the

Australian and New Zealand marine water quality guideline value for 99% and 95% species
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protection levels (ANZECC/ARMCANZ 2000), the environmental ratio (see above), and nearshore marine water concentrations from Marion Cove, King George Island on the West Antarctic
Peninsula (Kim et al. 2015).
Method detection limits. Method detection limits (MDL, µM) were calculated as the

minimum metal concentrations in cold marine water required for a DGT to accumulate metal to
its LOD for a given deployment time. The MDL was calculated using Equation 3 at various time

points (1 – 30 d) where Mi was the average LOD from all DGT blanks.
Competition effects. Competition effects were defined as a deviation from a CDGT/Cb ratio

of 1 ± 0.2 for a metal, occurring where ∑Mi showed linear accumulation. This was also observed
for some metals in the residuals of a linear model fit of the Mi over time (Supplementary
information S1).
Investigating the influence of P. antarctica to DGT metal uptake
DGT were co-deployed with P. antarctica to investigate how a mucogenic microalgae affects the

DGT-lability of metals, aim (ii). DGT were deployed with and without the addition of P.
antarctica (1-3 x 103 cells.mL-1) in treatments of the environmental ratio at multiples of 10, 20,

40, and 60 (equal to a molar total of 1, 2, 3 and 5 µM, respectively) and an equitoxic mixture
(equal to 15 µM), where each metal was present at the concentration which reduced P. antarctica
population growth rate by 10% (i.e. their EC10) based on single metal exposure (Gissi et al.
2015).
P. antarctica was sourced and cultured as described by Gissi et al. (Gissi et al. 2015). Test

solutions were 160 mL of 0.45 µm filtered seawater in 400 mL tall glass silanised beakers at 1 ±
1 °C supplemented with 0.15 mg PO43-.L-1, 1.5 mg NO3-.L-1, and metal stock solutions to give
concentrations equivalent to their nominated mixture. Three replicates of each treatment were
This article is protected by copyright. All rights reserved
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tested. DGT were deployed to beakers 3 days after test commencement, maintained on an orbital
shaker, and retrieved after 1-7 days, depending on the metal solution.
The ratio of CDGT / Cb was determined for each solution and significant differences between

deployments with and without P. antarctica for each metal were determined by an analysis of
variance (ANOVA) after testing for normality and homogeneity of variance of the ratios.
Using DGT-labile metal concentrations to predict metal mixture toxicity
The ability of DGT-labile concentrations to predict metal mixture toxicity to the algae P.
antarctica and C. armigera was investigated using the Independent Action (IA) and

Concentration Addition (CA) metal mixture models (Berenbaum 1985; Jonker et al. 2005).
These are additive models that synthesise single-metal toxicities into ‘expected’ toxicities for
mixtures. Single-metal toxicity data was used to parameterise the models, using previously
determined EC10 and slope parameters from 3-parameter log-logistic model fits (Gissi et al.

2015; Koppel et al. 2017).
CDGT measurements from aim (ii) were used in IA and CA mixture models using the approach
outlined in Koppel et al. (Koppel et al. 2018) adapted from (Hochmuth et al. 2014). For CA toxic

units were based on individual metal’s EC10s, calculated by dividing the measured dissolved

concentration of each metal in the mixture by its corresponding EC10 value calculated from
single-metal treatments (Gissi et al. 2015; Koppel et al. 2017). The program R was used for all
statistical analysis (R Core Team 2016) using the tidyverse package for graphing and data
analysis (Wickham 2009).
IA and CA mixture toxicity predictions using DGT-labile concentrations from the multiples of
the environmental ratio were compared to previously determined observed toxicity and predicted

toxicity which used dissolved-metal concentrations (Koppel et al. 2018).
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RESULTS
DGT performance in cold marine waters. Diffusion coefficients were determined to be

(x10-6 cm2 s-1): Cd 2.4 ± 0.4, Cu 2.1 ± 0.5, Ni 2.2 ± 0.1, Pb 2.6 ± 0.2, and Zn 2.1 ± 0.2 as mean ±
standard deviation from deployments in the High Environmental, Low Environmental, and

Equimolar solutions, (Table 2). Only the linear-portion of the gradient of metal uptake over time
was used in the calculations (see deviations from uptake in Fig. 1 and residuals of linear model
fits in Supplementary information S1). The R2 values of the linear models at the different time
points are given in Supplementary information S2. The parameters used to calculate diffusion
coefficients (Equation 2) for each metal mixture are given in Supplementary information S3.
The LOD and time to LOD for DGT at 1 °C in marine waters are given in Table 1. The dissolved

metal concentrations in the High Environmental and Equimolar solutions remained stable
throughout the experiment (Supplementary information S3); however, metal concentrations in
the Low Environmental treatment decreased by 20-50% over the duration of DGT deployments
(Supplementary information S3), possibly due to adsorption to the container wall or metal
precipitation. This decrease was accounted for by using the time-average dissolved metal
concentration for each DGT deployment period.
The minimum deployment time to exceed the LOD for all metals tested was <1 d for the High
Environmental and Equimolar mixtures, 17 d for the Low Environmental mixture, 4 and 15 d for
waters with concentrations equivalent to the Australian and New Zealand water quality guideline

values for 95 and 99% species protection (ANZECC/ARMCANZ 2000), respectively, 43 d for

the environmental ratio, and 332 d for background concentrations in the Antarctic near-shore
marine environment. However, times varied for individual metals and are given in Table 1.
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The method detection limits (MDL) for deployments of various times ranged from 165 nM for
nickel in a 1-d deployment to 0.3 pM for cadmium in a 30-d deployment (Table 3). There is a

linear relationship between the MDL and 1/t (Equation 3) which can be used to calculate the
MDL for other deployment times.
Metal uptake and competition effects. The ratio of DGT-labile metal (CDGT) to dissolved

metal (Cb) concentrations in the solution for all metals in all mixtures was generally 1 ± 0.2 (Fig.

2). The Low Environmental mixture was the most variable of the mixtures, with a CDGT/Cb ratio
for copper and nickel of approximately 0.8, and for cadmium between 1.2 and 1.5, particularly at

early time points (of <400 h, Fig. 2). Given the low metal concentrations in this treatment, this is
most likely due to the increased variability in ICP-AES measurements near the detection limits
for those metals.
Metal competition was observed in the Equimolar and High Environmental mixtures, where

cadmium lost quantitative uptake (Fig. 1 b, c). Cadmium lost linearity (defined as R2 < 0.95 of
the linear model fit) after 16 d in the Equimolar solution and 23 d in the High Environmental
mixture, where the resin had accumulated ∑5.4 ± 0.3 µmol of metals (at 486 h). Cadmium
displacement from the resin was observed in the High Environmental mixture where a maximum

of 71 ± 8 nmol at 23 d decreased to 35 ± 10 nmol Cd at 30 d. This suggests active substitution of
cadmium by other metals which retained steady-state uptake kinetics. This was less clear for

cadmium in the equimolar mixture, where concentrations were more variable where the resin had
accumulated ∑4.8 ± 0.7 µmol of metals at 486 h (Fig. 1). Zinc appeared to reach saturation in
both the Equimolar and High Environmental mixtures at around 30 d (Fig. 1), but the experiment
ended before competition affected the linearity of zinc uptake (Supplementary information S1).
Investigating the influence of P. antarctica to the DGT metal uptake
This article is protected by copyright. All rights reserved
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No difference was observed between the CDGT/Cb ratio in deployments in the presence and
absence of P. antarctica for Cd (1.0 ± 0.2 / 1.0 ± 0.2), Cu (1.0 ± 0.4 / 0.9 ± 0.2), Pb (0.9 ± 0.1 /

1.0 ± 0.2), and Zn (0.94 ± 0.04 / 0.9 ± 0.1) (Fig. 3), across all treatments (Table 4). However, the
CDGT/Cb ratio for nickel was significantly lower in deployments in the presence of P. antarctica
than in the absence (0.75 ± 0.11 / 0.86 ± 0.14, p = 0.03). The ratios from individual treatments

and metals are given in Supplementary information S4.
Using DGT-labile metal concentrations to predict metal mixture toxicity
Both independent action and concentration addition mixture models gave similar toxicity

predictions to P. antarctica and C. armigera microalgae. The models were good predictors of
metal mixture toxicity to C. armigera within the concentration range tested, but overestimated
toxicity to P. antarctica (Fig. 4).
DISCUSSION
DGT performance in cold marine waters

DGT was shown to be a sensitive measure of metals in seawater, with LODs generally in the low
nmol to pmol range (Table 1). Our results suggest that DGT is suitable for the environmental
monitoring of metal contamination in cold marine waters (Table 1). For example, a deployment

period (i.e. time to LOD) of >4 or 15 d would be needed to measure seawater metal
concentrations equivalent to the Australian and New Zealand marine water quality guidelines
values for 95 and 99% species protection, respectively (ANZECC/ARMCANZ 2000). With the
detection limits of an ICP-AES, DGT would not be suitable for the measurement of trace metals

in cold seawater because of the long deployment times >332 d needed. However, DGT could be
practical if using ultra-trace metal clean laboratory techniques and sensitive analytical
instrumentation, such as inductively couple plasma mass spectroscopy.
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The diffusion coefficients derived in this study are the first to be determined in conditions (i.e.
temperature, salinity, and pH) reflective of the near-shore Antarctic marine environment. They

are up to 32% lower than those previously determined at similar temperatures (Table 2) (Larner
et al. 2006; Buffle et al. 2007; DGT Research 2018). These reported diffusion coefficients
decrease in increasingly complicated media (e.g. theoretical > estuarine > seawater), possibly

due to an increased likelihood of collisions, electrostatic repulsion, changes in solution viscosity,
or the presence of metal complexes (Buffle et al. 2007). The size of a metal complex will change
diffusion rates across the DGT diffusive layer (Zhang and Davison 2000). This can be influenced
by different pH’s, with a lower pH increasing the likelihood of a metal existing as a free ion

(Byrne et al. 1988), subsequently increasing the diffusion rate. Based on the results of this study,
using previously reported diffusion coefficients could underestimate CDGT calculations by as
much as 32%.

The Chelex resin does not act as a perfect metal sink at sub-saturation concentrations. This is an

underreported finding, but in agreement with previous studies (Degryse et al. 2003; JiménezPiedrahita et al. 2017). A Chelex-100 resin has a capacity for divalent cations of 10-15 µmol per

DGT piston (Tankéré-Muller et al. 2012; Bio-Rad laboratories 2013). In our study, competition
effects were observed after approximately 20 days in the Equimolar and High Environmental
mixtures where the mass of the five metals on the binding resin were 4.8 ± 0.7 and 5.4 ± 0.3
µmol, respectively. This highlights significant competition effects at a total molar concentration
between 30-50% of the theoretical resin capacity. The competition observed agreed with the
metal’s selectivity for the Chelex resin (normalised to zinc, at a circumneutral pH): Cu2+ (126)
>> Ni2+ (4.4) > Pb2+ (3.9) > Zn2+ (1) > Co2+ (0.6) > Cd2+ (0.4) > Fe2+ (0.1) > Mn2+ (0.02) (BioRad laboratories 2013), i.e. of the metal analytes in the mixture, cadmium and zinc have the
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lowest selectivity for Chelex resin and were the first to lose linearity of their uptake. Cadmium
was clearly outcompeted in the High Environmental mixture, but in the Equimolar mixture, this

was less clear with some DGT showing expected cadmium accumulation while others showed
lower accumulation after 20 d (Fig. 1).

The relative metal concentrations, as well as their selectivity, can influence competition effects.
Tankéré-Muller et al. (2012) found that Mg2+ and Ca2+ saturate a Chelex-100 binding resin when
deployed in seawater for longer than 2 h, suggesting that metal binding occurs by active
exchange of metals with differing selectivities on a saturated resin. However, when Fe2+ was
present in high concentrations, both Mn2+ and Cd2+ were displaced, despite Cd2+ having a greater
selectivity than Fe2+. This may be caused by a reduction in binding affinity for metals to the
Chelex-100 resin from electrostatic screening of the functional groups in high ionic strengths
(Jiménez-Piedrahita et al. 2017). These confounding factors may explain the variability in the

cadmium measurements in the equimolar mixture which had broadly equivalent concentrations
of metals, compared to the high environment mixture where cadmium was at a much lower
concentration compared to copper and zinc.

Investigating the influence of P. antarctica to the DGT metal uptake
All metals had CDGT/Cb ratios >0.9, except for nickel which was 0.75 in the presence of P.
antarctica and 0.86 in its absence (average of all treatments, Fig. 3, Supplementary information

S4). Ratios <1 are commonly observed in studies with complex matrices. For example, DGT
measurements of seawater overlying sediments had CDGT/Cb ratios of 0.8 for zinc and 0.25 for
copper were previously reported, possibly from dissolved organic carbon (DOC) or particle

adsorption (Amato et al. 2015). For this reason, the addition of P. antarctica was expected to
reduce the CDGT/Cb ratio. P. antarctica is known to produce DOC as a mechanism to chelate
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micronutrients like iron and zinc in marine waters (Alderkamp et al. 2007; Thuróczy et al. 2012).
Other micronutrients may also be bound in this process, such as nickel which is an essential
metal for urease - an enzyme most marine phytoplankton use to hydrolyse urea to NH3 and CO2
(Dupont et al. 2010). While a significant reduction in the CDGT/Cb ratio was observed for nickel,

it was not for other micronutrients like zinc or copper. The reduction in nickel DGT
concentrations could be a Type I error, given the sample sizes of 15 and 12 for deployments in
the presence and absence of P. antarctica. The ratio could also be affected by uncertainty in the

measurement of nickel (Cb) which was present at low concentrations in multiples of the
environmental ratio and has a relatively high instrument detection limit. This is most likely
because of the metals tested, copper has a higher binding affinity for DOC and should have a
lower ratio in the presence of P. antarctica, compared to nickel (Smith et al. 2002).
Overall, the high ratios >0.9 for most metals suggest that dissolved metals in 0.45 µm filtered,

low DOC (1.4 ± 0.3 mg C L-1), seawater mediums are DGT-labile. This gives confidence in

relating CDGT to previously determined ecotoxicology data, which is typically derived from
dissolved metal concentrations from laboratory exposures.

Using DGT-labile metal concentrations to predict metal mixture toxicity
DGT-labile metal concentrations and dissolved metal concentrations provided similar predictions
of metal-mixture toxicity to P. antarctica and C. armigera and also highlighted metal-mixture
interactivity (Fig 4). P. antarctica is known to exhibit significant antagonistic mixture

interactions in response to increasing multiples of the environmental ratio (Koppel et al. 2018).
The cause of the antagonism is not known but may be due to extracellular mucous production

reducing the bioavailability of metals like copper and cadmium (Oleinikova et al. 2018). C.
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armigera may also exhibit synergistic interactions at high effect concentrations. This study did
not test a concentration range where this was expected to have been observed.
Practical considerations of using DGT in cold marine environments
The Antarctic near-shore marine environment has variable metal fluxes, DOC concentrations,

and concentrations of inorganic adsorbents like iron or aluminium hydroxides. In such a complex
environment, DGT allows for the simultaneous uptake of common metal contaminants, with
ultra-trace detection limits, time-averaged over the deployment period (Jolley et al. 2016).
Water quality guideline values specific for the Antarctic marine ecosystem have not yet been

developed, so minimum deployment times to reach DGT LODs are suggested based on seawater

concentrations equivalent to the Australian and New Zealand marine water quality guideline
values for 99 and 95% species protection (ANZECC/ARMCANZ 2000). At these concentrations

a recommended minimum deployment time of at least 15 d is needed (Table 1). Alternatively,
MDLs at various deployment times are given in Table 3. As per Equation 3, increasing

deployment time will decrease MDL. It should be noted that these values will depend on the
instrument sensitivity, cleanliness, and LODs achieved by each laboratory.
The risk of metal competition on the Chelex resin is low for Antarctic marine deployments,
given the low metal concentrations in contaminated marine areas (Larner et al. 2006; Stark,
Johnstone, et al. 2006), and low diffusion coefficients (Table 2). However, where the molar total
of metal-analytes with different selectivities exceeds approximately ∑4 µmol, care should be
taken in the interpretation of the results.
The application of DGT outlined in this study differs from the limited capacity in which DGT
has already been used for environmental monitoring in the Antarctic environment (Larner et al.

2006; Stark, Johnstone, et al. 2006). These studies assessed the presence of contaminants rather
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than concentrations relating to the risk they pose to marine organisms. DGT measures a
biologically available fraction of metals in solution which is the fraction most likely to cause
toxicity to organisms (Simpson et al. 2012; Amato et al. 2014; Amato et al. 2016). This study has
shown that DGT-labile metal fractions in seawater can be used to predict the toxicity of metal
contaminants to two Antarctic marine algae, where single-metal toxicity exists – at least as well
as dissolved metal concentrations.
This study validates the use of DGT in Antarctic marine environments and provides guidance
around their deployment. These results should be confirmed in an in-situ field study where
factors such as biofouling or interference from native fauna can be investigated.
CONCLUSION
DGT were shown to be a sensitive tool to measure metals in cold marine waters, where the
dynamic environment, limited accessibility, and costly logistics necessitates new monitoring
techniques. This study provides empirical diffusion coefficients for five common metal
contaminants, method detection limits, minimum deployment times for environmental
monitoring, and highlights that metal competition at sub-saturation concentrations needs to be
considered where the molar total of metals accumulated to the Chelex resin exceeds
approximately ∑4 µmol.

DGT-labile concentrations are suitable to use in mixture toxicity modelling. However, DGT-

labile concentrations are no better than dissolved metal concentrations at predicting biological
mixture toxicity interactions (i.e. synergism or antagonism). DGT is well positioned to be used in
the environmental risk assessment of metal contaminants in cold marine environments,

particularly with the ongoing generation of ecotoxicological data towards the derivation of
Antarctic-specific environmental quality guidelines.
This article is protected by copyright. All rights reserved

Accept e d Preprint

Supplemental Data—The Supplemental Data are available on the Wiley Online Library at DOI:
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Graphical abstract. DGT-measured metal concentrations are used to predict the toxicity of metal
mixtures to two Antarctic marine microalgae.
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Figure 1. Mass of analyte (nmol) accumulated over time (h) during uptake experiments in the (a)
Equimolar, (b) High Environmental, and (c) Low Environmental mixtures. Note the different yaxis scales for (b) and (c) where copper, nickel, and zinc (left) were present at higher
concentrations than cadmium and lead (right). Concentrations of lead were below detection limit
in the Low Environment mixture.
Figure 2. The ratio of DGT measured to dissolved (0.45 µm filterable) metal concentration
(CDGT/Cb) for the Equimolar, High Environmental, and Low Environmental metal mixtures. A
ratio of 1, solid horizontal line, indicates equivalent concentrations measured. The dotted line
above and below the solid line represent a 20% deviation from 1.
Figure 3. The relationship between DGT-labile (CDGT) and total dissolved metal concentrations
(Cb) for deployments in the equitoxic and multiples of the environmental ratio treatments in the
presence (purple) and absence of Phaeocystis antarctica (grey). Points falling on the 1:1 line
suggest that the CDGT fraction is representative of the dissolved metals (Cb) in cold marine
conditions.
Figure 4. Predicted toxicity using DGT-labile metal concentrations (CDGT) to Phaeocystis

antarctica (a) and Cryothecomonas armigera (b). Predictions from CDGT by Concentration
Addition (CA, blue squares) and Independent Action (IA, orange diamonds) models are
overlayed against previously determined toxicity predictions using dissolved metal
concentrations (clear squares and diamonds, respectively) and observed toxicity (black circles)
from multiples of the environmental ratio (Koppel et al. 2018). Toxicity as population growth
rate inhibition is plotted against the sum of toxic units based on EC10 concentrations (TUEC10).
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Table 1. Average dissolved metal concentrations for the DGT deployment period (Cb, µM),
limit of detection (LOD, nmol), and time to limit of detection (h) for DGT deployments in 1 ±
1 °C seawater for (a) High Environmental, (b) Low Environmental, (c) Equimolar mixtures, (d)
meals in seawater at water quality guideline values for 95% protection (ANZECC/ARMCANZ
2000), (e) seawater at water quality guideline values for 99% protection (ANZECC/ARMCANZ
2000), (f) environmental ratio, and (g) reported concentrations from the Antarctic near-shore
environment.
a. High Environmental

Cd

Cu

Ni

Pb

Zn

Cb
LOD
Time to LOD
b. Low Environmental

0.51 ± 0.02
0.01
0.4

5.1 ± 0.2
0.6
0.3

2.4 ± 0.1
0.7
1.7

0.48 ± 0.02
0.1
1.3

33.1 ± 0.9
0.6
0.05

0.007 ± 0.002

0.1 ± 0.01

0.05 ± 0.02

0.0015 ± 0.0003

0.57 ±0.07

0.1
29

0.3
16

2
80

0.1
395

0.4
3

10.4 ± 0.7

7.8 ± 0.4

9.7 ± 0.8

3.0 ± 0.2

8.9 ± 0.6

Cb
LOD
Time to LOD
c. Equimolar
Cb

LOD
0.1
0.3
2
0.1
Time to LOD
0.02
0.2
0.4
0.2
d. Water quality guideline values for 95% species protection (ANZECC/ARMCANZ 2000)

0.4
0.2

Cba

0.2

0.05

0.02

1.2

0.02

b

LOD
0.1
0.4
1.1
0.2
Time to LOD
4
79
3
29
e. Water quality guideline values for 99% species protection (ANZECC/ARMCANZ 2000)

0.4
8

Cba

0.006

LODb
0.1
Time to LOD
31
f. Environmental ratio (Larner et al. 2006)
Cba

0.009

0.005

0.12

0.01

0.1

0.3
341

2
33

0.1
57

0.4
16

0.002

0.005

0.001

0.07

b

LOD
0.1
0.4
1.1
0.2
Time to LOD
22
1024
774
419
g. Reported concentrations from the Antarctic near-shore environment (Kim et al. 2015)
Cba
0.00003
0.0006
0.0006
0.0001
b

LOD
Time to LOD

a

b

0.1
6975

0.4
2647

1.1
7002

= Concentration from literature used to calculate time to LOD
= Calculated as the average of DGT blanks from all experiments
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0.2
7963

0.4
25
0.002
0.4
1107
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Table 2. Comparison of diffusion coefficients (Di) from various studies. Empirically determined
diffusion coefficients from this study are the mean and standard deviation of the three
treatments.

Seawater
Estuarine

Theoretical

Temp
(°C)

Salinity
(‰)

pH

1±1
-1

34
20

7.9 ± 0.1
6.7

1

NA

NA

Diffusion coefficients (x10-6 cm2.s-1)
Cd
Cu
Ni
Pb
Zn
2.4 ± 0.4 2.1 ± 0.5 2.2 ± 0.1 2.6 ± 0.2 2.1 ± 0.2
3.0
2.6
ND
3.6
2.9
2.8

2.9
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2.7

3.8

2.8

Reference
This study
(Larner et al. 2006)
(Buffle et al. 2007;
2018)
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Table 3. Method detection limits (MDL, nM) at various deployment times.
Metal

Cd
Cu
Ni
Pb
Zn

LOD (nmol)
0.06
0.40
1.08
0.19
0.44

MDL (nM) for deployment times (d)
1
2
7
15
8.0
4.0
1.1
0.5
67
34
10
4.5
165
82
24
11
25
13
3.6
1.7
72
36
10
4.8
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30
0.3
2.2
5.5
0.8
2.4
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Table 4. Dissolved metal concentrations (Cb, µM) for the equitoxic mixture and multiples of
the environmental ratio for DGT deployments in the presence (+) or absence (-) of P.
antarctica. No 60- treatment was tested.
Equitoxic -

Equitoxic +

Metal
10 Cd
1.7
1.7
0.01
Cu
0.11
0.08
0.20
Ni
8.7
8.9
0.06
Pb
0.54
0.44
BDL
Zn
3.4
3.4
0.72
BDL = Below Detection Limit (<0.009 µM Pb)

Multiples of the environmental ratio
10 +
20 20 +
40 40+
0.01
0.02
0.02
0.04
0.04
0.16
0.31
0.29
0.50
0.52
0.07
0.11
0.11
0.20
0.23
BDL
BDL
BDL
BDL
BDL
0.69
1.4
1.4
2.7
2.7
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60+
0.06
0.77
0.33
BDL
4.3
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Figure 1

Mass accumulated (nmol)

Mass accumulated (nmol)

Mass accumulated (nmol)
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Figure 2
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Figure 3
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Figure 4

(a) Phaeocystis antarctica

(b) Cryothecomonas armigera

This article is protected by copyright. All rights reserved

